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I. INTRODUCTION

F
IBER optical parametric amplifier (FOPA) has been widely investigated in the context of telecommunication [1] for its interesting features such as the instantaneous amplification with large bandwidths [2] , [3] , high gain values [4] and low noise figures [5] . In most cases, the amplification is achieved with continuous waves (CWs) involving a pump with a constant peak power, an amplified signal and a generated idler. In order to reach higher peak power, FOPA is preferably pumped in ps or ns pulsed regime and we often assume that the pump power is constant during the pulse duration [6] - [8] . However, the temporal shape of the pump pulse plays a crucial role in the amplification process and it can be of great use to target a specific signal profile [9] . Indeed, the instantaneous parametric gain and its spectral shape depends strongly on the power. Therefore, it also has a temporal distribution since a specific gain shape is expected at each time of the pump profile. Various systems take benefit from this behavior. For example, a train of ps pulses can be obtained at high repetition rate when a sinusoidal pump is coupled in a FOPA with a CW signal [10] . It is also well known from several investigations achieved in nonlinear crystals, that the features (as efficiency, bandwidth, signal to noise ratio) of the paramet- ric amplifiers can be optimized by adapting the pump waveform [11] or the durations of the pump and the signal [12] .
In the manuscript, we investigate the role of the pump shape in a FOPA to tune the instantaneous parametric gain. However, the time distribution measurement of the spectral gain is not straightforward. When the parametric fluorescence (which is representative of the spectral gain) is recorded with a spectrograph, the gain temporal structure cannot be directly inferred since the measurement is a time integrated (averaged) spectrum. Therefore, in our case, the structured gain is measured thanks to a chirped signal where the instantaneous frequency evolves quasi-linearly with time. The temporal gain shape influences directly the signal in the temporal and spectral domains. This scheme should be of prime interest to tune a pulse in any experiment requiring a chirped signal as in lidar [13] , optical time-stretch imaging [14] or laser amplifier [15] . The letter is organized as follows. Section II explains the principle of the temporal gain shaping from a structured pump pulse through numerical simulations. Section III presents the experimental set-up and some examples of shaped gains. Finally, Section IV provides concluding remarks.
II. PRINCIPLE
The general principle relies on the instantaneous variation of the gain due to the temporal profile of the pump. The main focus is to generate parametric amplification using one strong pump at a single wavelength with a temporal variation. In order to explain how the spectral gain changes with the pump profile, we performed numerical simulation by integrating the nonlinear Schrödinger equation along the propagation z ∂ E ∂z
describing the evolution of the slowly varying total electric field E in an optical fiber. Equation (1) is solved with the standard split-step Fourier method including a pump pulse with various shapes, a signal and a weak random initial condition that mimics the quantum fluctuation. The temporal resolution is 20 fs and the number of point is 2 18 . The experimental parameters, as the pump and fiber characteristics, is included [16] to illustrate qualitatively some experimental behaviors. pump shapes and in all cases, the energy equals to 1 μJ. With such energy level, some of us showed that the Raman process has a weak contribution compared to the parametric effect [16] . As this observation was also confirmed by our preliminary simulations, the Raman contribution is neglected in the following simulations. For all pump shapes, the gain is measured by injecting a quasi-CW signal with a top-hat profile and an energy of 6.2 pJ. The frequency offset from the pump /(2π) is tuned from 0.5 THz to 4.5 THz. At the output of the fiber, the amplified signal is selected with a tunable bandpass filter with a bandwidth equals to 4 GHz (FWHM) and Fourier transformed. A pump pulse is firstly injected with a top-hat shape ( Fig.1 .a-blue line) with a duration of 1.4 ns at Full Width Half Maximum (FWHM) and a peak power equals to 717 W. In the case of a top-hat shape ( Fig. 1 .a blue line) and for L = 6 m, the gain profile is identical for all the time where the peak power is constant ( Fig.1.b ) and the maximum gain is obtained at 3.6 THz. For a Gaussian shape ( Fig. 1 .a green line) and L = 6 m, the gain changes with time and is maximum at the center ( Fig. 1. d) . For a pump with an asymmetric hole in its flat-top profile ( Fig. 1 .a red line), the gain is decreased locally at a given time ( Fig. 1. f) . For a longer fiber (L = 13 m), the temporal distributions of the gain (Fig. 1. c, e, g ) have different shapes. The gain at 3.6 THz is not maximum as for L = 6 m due to the pump depletion and the temporal evolution of the phase-matching that varies with the power. The gain peaks also shift toward the pump frequency (/(2π) = 0 THz) due to the saturation [17] . As expected, the depletion and the peak shift is time dependent for the Gaussian and asymmetric power profiles ( Fig. 1.e,g ). The temporal shape of the amplified signal is also affected by the gain temporal profile at their frequencies. For example, when a CW signal is injected at 3.6 THz together with the shaped pump ( Fig.1.b-g-white dashed lines) , the profile of the amplified signal is significantly different in the four cases ( Fig.2.a-solid lines) . In addition, the temporal variation of the amplified signal is different when a chirped signal is injected together with the shaped pump since the signal has a time-frequency distribution. Fig.2.a (dashed lines) shows also the examples when the chirped signal has a spectrum centered at 3.6 THz and a chirped rate equals to 1.2 THz/ns ( Fig.1.b-g -green lines) . The gain shape depends strongly on the pump profile. In these cases, the horizontal abscissa represent both the temporal and spectral domains. For a flat-top profile, the temporal gain has a low order superGaussian shape (Fig.2 blue dashed line) due to the unmatched parametric process at /(2π) = 3.6 THz (Time = 0 ps). In the three other cases, the gain is structured since it depends both on the temporal evolution of the pump and the timefrequency distribution of the signal. For longer fiber (Fig. 2. b) , the gain profiles becomes well different from Fig. 2 .a due to the saturation effect and the time dependence of the phase matching.
III. EXPERIMENTAL IMPLEMENTATION
A. Experimental Set-Up
The experimental setup is displayed in Fig. 3 . The signal is generated from a mode-locked oscillator delivering chirped pulses with a spectral bandwidth of 8 nm centered at 1053 nm (Fig.4-grey line) . The repetition rate is 38.5 MHz and the average power is 25 mW. The linearly chirped pulse has a duration of 4 ps at the output of the oscillator and then is additionally stretched by an Öffner type stretcher to 960 ps (dispersion∼120 ps/nm). The repetition rate is decreased to 10 kHz with an acoustooptic modulator (AOM) to match the one of the pump. The pump source is obtained by a CW laser with a wavelength at 1034.2 nm. Another AOM generates a pulse train at 10 kHz with a pulse duration of 140 ns which is synchronized with the pulse train from the oscillator. A first electrooptic modulator (EOM) modulates the phase with a sine shape at 2 GHz to increase the stimulated Brillouin scattering threshold. In general, the pump chirp affects the signal and idler [8] , [18] - [20] . In our condition and for all pump pulse shapes used in following, this impact cannot be observed since the pump spectral spread (∼28 GHz) is negligible compared to the signal bandwidth. Then, the pump pulse is amplified in a first ytterbium doped fiber amplifier (YDFA) and then is shortened to 1.3 ns by another electrooptic modulator driven by an electric pulse that can be shaped by an arbitrary wave generator. This system delivers programmable temporal waveforms with a 12 bit amplitude resolution, 100 ps steps over the pulse envelope and a 200 ps rising time. Finally, the pulse energy is raised up to 2 μJ in two YDFAs. The excess of amplified stimulated emission (ASE) is reduced by filters with a spectral width of 1 nm (FWHM) after each YDFA. A second AOM is also used to temporally filter the ASE between successive pulses. In the initial condition, the temporal pulse shape is optimized to be near a flat-top profile. The shape is shown in the inset of Fig. 5 (black line) . The maximum variation is less than 10%. Finally, the pump and signal pulses are injected in the photonic crystal fiber (PCF) thanks to a wavelength division multiplexer (WDM). The PCF is an all solid photonic band gap fiber [21] which has been specifically made to simultaneously obtain a zero dispersion wavelength at around 1033 nm such as the pump wavelength lies in the anomalous dispersion regime and a core diameter of 10 μm [16] , [21] to handle higher peak power than standard PCF with a smaller core [6] - [8] . The fiber length is 13 m and the amplifier operates in the saturated regime to get a relatively high conversion efficiency. All components are polarization maintaining until the WDM. In front of the PCF, a polarization controller is added to align the pump and signal to one of its birefringent axes. At the output, the spectrum is recorded by an optical spectrum analyzer (OSA). In the time domain, the pump pulse is recorded with a fast photodiode and a 6 GHz oscilloscope in front of the last YDFAs (Fig.3) . When the pump energy is ∼1.07 μJ, the parametric fluorescence spectrum (Fig. 4-black line) has two lobes centered at ∼1049 nm and 1020 nm. Therefore, we expect that the small-signal gain is not centered on the signal spectrum. Below 1080 nm, a characteristic Raman gain peak is also observed. The blue line in Fig. 4 .a shows the amplified signal and the generated idler when the seed energy is 6.2 pJ in front of the WDM. At the PCF output, the energy of the amplified signal is 224 nJ and is deduced from the spectrum and the total energy measurement. Therefore the integrated (energy) gain is 45 dB and the conversion efficiency is ∼21%. The corresponding spectral gain is shown in Fig. 4 .b. The gain is obtained from the ratio between the amplified signal at the PCF output and the input signal. The gain value is in the range of 38-48 dB from 1045 nm to 1055 nm. At higher wavelength part of the signal is not amplified as expected from the fluorescence spectrum.
B. Parametric Gain Shaping 1) Time to Spectrum Calibration:
In the following, we optimize the gain shape through the modification of the pump profile. As the signal is chirped, each part of the pump envelope amplify a portion of the signal spectrum. Therefore, the synchronization and the delay between the pump and the signal is highly important. In fact, the relationship between the time and the spectrum corresponds to the chirp rate of the signal. In order to measure carefully the temporal distribution of the spectral gain, the chirp of the signal must be exactly calibrated. The chirp can be measured directly with the FOPA by applying a dip in the pump profile. When the signal is simultaneously injected in the FOPA, a local decrease is observed in the spectral domain and therefore the chirp should be inferred. For example, the inset of Fig. 5 (measured with the photodiode in Fig. 3) shows a hole placed at the center of the pump profile (numerically centered at 0 ps). The peak power is decreased by 66 % at the center and the width (FWHM) is ∼264 ps. In the spectrum measured at the PCF output, the hole appears at the center of the signal spectrum; i.e λ p = 1053 nm. When the temporal position of the hole is at −200 ps and ∼200 ps, the corresponding spectral holes occur at λ p ∼ 1055 nm and λ p ∼ 1051.5 nm, respectively. Fig. 5 .b (black circles) displays the relation between the time and the spectrum when the hole is tuned from −200 to 400 ps. For a longer scan, the spectral location of the hole is difficult to obtain exactly because the gain decrease at these wavelength even if the dip is not applied (Fig. 4) . The chirp of the stretcher obtained from the geometric parameters are also displayed in Fig 5. b and the calibrated value obtained directly with the set-up is in very good agreement.
The creation of the hole in the spectrum can also have other interests. For example, the application of a spectral hole in a seed is very interesting to limit the gain narrowing appearing in a laser amplifier [15] .
2) Example of Gain Shaping: From the previous section, we have confirmed that a local variation of the pump influences directly the spectral gain and the chirp has been measured to calibrate the time to wavelength distribution. Therefore, the spectral gain can be locally tuned by applying a special shape in the pump profile. For example, the gain bandwidth can be enhanced when the instantaneous power is increased where the gain is lower (around 1055 nm, Fig. 4.b) . From the calibrated time-frequency distribution, we deduced that the instantaneous power should be higher at around −200 ps (Fig. 6.a-blue line) . In this case, the total energy is 1.07 μJ and is identical to the one used with the flat-top profile. Consequently, the gain has been extended to higher wavelength (Fig. 6 .c-blue line) and the bandwidth is now increased by ∼30% from its initial value. This gain bandwidth improvement is a very interesting step forward to amplify an ultra-short pulse in a FOPA with a chirped signal [6] . Alternatively, the amplified signal can be injected in a laser chain. The required bandwidth is defined by the laser gain material. Therefore, the signal (from the FOPA) does not need to have a bandwidth considerably larger than the one from the laser amplifier. Thus, the pump can be temporally narrowed in order to get a higher peak power (for the same energy) and gain. For example, the gain bandwidth is reduced to 4 nm (Fig. 6 .c-red line) by applying a bell shape in the pump profile with a temporal width of ∼400 ps centered at 0 ps ( Fig. 6.a-red line) . The maximum gain centered at 1053 nm increases by 25 dB although we intentionally decrease the current of the last laser amplifier in order to avoid any damage. The energy is 0.7 μJ. The relevant gain can be measured between ∼1050 and ∼1056 nm. Outside this range, the pump pulse does not overlap with the signal spectrum, and thus no amplification can occur. The observed spectral signal corresponds to the fluorescence.
IV. CONCLUSION
We have investigated the shaping of parametric gain in a PCF thanks to the modification of the pump temporal profile. The local change of the power influences directly the instantaneous parametric gain. With this technique, we demonstrated the possibility to enhance or narrow the bandwidth by tuning locally the pump peak power at a specific time. This scheme can be implemented in front of a laser system to prepare or tune the spectrum of the seed. In addition, the shaping to a specific gain profile is easy and straightforward when the signal has a known and calibrated chirp.
